In this study the optimization is illustrated by maximizing the load-carrying capacity of a slider bearing represented by a thermohydrodynamic lubrication model. An efficient optimization scheme, DIviding RECTangles (DIRECT), is coded for parallel computing in a single-system image cluster. The main focus of this study was to examine the performance of the standard DIRECT algorithm in coarse-grained parallelism. The parallel efficiency is compared with the results obtained in recent studies of air bearing optimization by using a genetic algorithm and a divide-and-conquer scheme. It was found that the limited possibility for parallelism of the standard DIRECT algorithm contributes somewhat small parallel efficiency.
INTRODUCTION
In the view of parallel computing an effective optimization scheme should be easily coded for distributed or cluster computing in allocating the tasks for evaluating objective function. These applications of parallel optimization are usually of coarse-grained type. High speedups are usually achieved in these cases if an optimization scheme can fully exploit the capability of the cluster.
Several efficient optimization methods were proposed recently for tribological studies [1] [2] [3] [4] . For instance, the genetic algorithms (GAs) are known for their ability to conduct multiobjective optimization in parallel due to population-based search [1] . Another parallel optimization for air bearing analysis was conducted recently by using a divide-and-conquer (DAC) scheme [2] . The scheme incorporates stochastic method for global optimization and the computation of the designs can be conducted in parallel. Owing to its highly fractional factorial design the scheme can have high parallel efficiency for systems with many variables.
The DIviding RECTangles (DIRECT) algorithm can also be used to solve nonlinear optimization problems subject to bounded constrains. Lately, two studies for slider air bearing surface optimization [3] [4] validate the high efficiency of the DIRECT algorithm. However, the implementation of the standard DIRECT algorithm and its modified form were conducted in sequential. The modifications of the DIRECT algorithm were to deal with the tolerance issue and hidden constraints in practical applications [3] . In this study the implementation of parallel computing in the standard DIRECT algorithm for slider optimization is presented.
METHODS
The mathematical models for the performance of fluid-film lubricated slider in the thermohydrodynamic (THD) regime are represented by two coupled partial differential equations, a simplified generalized Reynolds equation and a transient 3-D energy equation [5] . In this study the Reynolds equation was solved iteratively using a successive over relaxation method and the numerical scheme used for the time dependent energy equation was alternating direction implicit method.
The DIRECT algorithm is a global deterministic algorithm based on the classical one-dimensional Lipschitzian optimization scheme. There are two main components in the DIRECT algorithm: one is the dividing strategy for the hyper-boxes (hyper-cubes and hyper-rectangles) in a design space with multiple variables; the other is the selection of the potentially optimal hyper-boxes. The detail of the application of DIRECT algorithm can be found in Refs. [3] [4] .
In this study the cluster consists of 17 computers which are interconnected in a fast Ethernet (100 Mb/s) local area network. Each single-processor node has identical hardware and software configuration. Each node contains an Intel Celeron/1.7 GHz CPU and 256 MB RAM. The operating system is Linux/RedHat 9.0 and the message passing among the nodes is performed automatically by an open source single-system image (SSI) clustering software [1] [2] . In this study one computer acted as a master node and the other 16 nodes were slave nodes.
In the optimization process the objective was to maximize the load capacity of the slider. In the DIRECT algorithm the search was conducted by maximizing the load capacity. For illustrating purpose two design September 12-16, 2005, Washington, D.C., USA 
Proceedings of WTC2005 World Tribology Congress III

WTC2005-63319
variables (i.e., the slope and the length/width ratio) of the slider were used in this study. Thus, the hyper-boxes being selected and trisected in DIRECT algorithm are based on their sizes and the values of the objective function.
RESULTS AND DISCUSSION
The result of rectangle-trisection in the search procedure by using the DIRECT algorithm is shown in Fig. 1 . The two design variables are shown in their normalized forms which are linearly proportional to their lower and upper limits. The number of function evaluations was limited to 160 (comparable to the case conducted by the DAC method). The speedup is 9.62 (60.1% efficiency) in the 16-computing-node cluster. In the optimizations performed by the GA and the DAC method for air bearing analysis [1] [2] , the parallel efficiency exceeds 90% for both cases in the same Linux cluster.
The parallel efficiency of the DIRECT algorithm can be higher if the number of objective function evaluations is increased. Figure 2 shows the history of computing tasks in the search procedure of the DIRECT algorithm. It can be seen that a large portion of the search steps did not fully utilize the capacity of the cluster.
CONCLUSION
The DIRECT algorithm is a verified efficient method when the method is conducted in sequential. The somewhat limited possibility for parallelism of standard DIRECT algorithm limits its use for complex problems. A modification to the algorithm to increase the parallelism in cluster computing deserves further research.
In this study, the execution time of the transient THD analysis is basically independent of the values of design variables. Therefore, the load balancing among the computing nodes was not required. A parametric study of a single-system image cluster for parallel computing illustrated with an air bearing application [6] was presented recently. It can be useful in understanding the characteristics of open-source PC-based clusters for similar applications. 
